We have isolated three distinct cDNA clones from Lemna gibba representing mRNAs that increase in abundance during dark treatment. All three mRNAs showed reduced expression in response to red or white light. These mRNAs range from approximately 680 to 800 nucleotides in length and thus encode relatively small proteins (maximum relative molecular weight 17,000 to 19,000). The genes corresponding to these dark-abundant mRNAs are designated NPR (negatively phytochrome regulated) 1, 2, and 3. Differences in the rapidity of mRNA accumulation during dark treatment were observed for each of the genes in both mature green plants and in 
Development, growth, and metabolism in higher plants involves complex pathways leading from external stimuli reception or endogenous triggers to biochemical, cellular, and ultimately organismal responses. Normal development requires that processes be both activated and inhibited at the appropriate times and in the appropriate cells or tissues. Indeed, analyses of DNA regulatory sequences indicate the presence of both positive and negative regulatory elements upstream of several plant genes, including the cab2 genes, which encode the major light-harvesting protein of PSII (2, 28) ; genes encoding the small subunit of ribulose-1,5 bisphosphate carboxylase (12, 35) ; a phytohemagglutinin gene (21) ; and genes for chalcone synthase (6) and for phenylalanine ' ammonia-lyase (16) . A gene might be positively regulated in one cellular or biochemical context and negatively regulated in a different context by other molecular mechanisms, including the differential binding of activators and repressors to a set of regulatory elements (14, 20) , through a regulatory protein that can function as both activator and repressor (14, 27) , or through a cis-acting element that functions as both enhancer and silencer (e.g. 5, 12, 14, 27) . Phytochrome is an important developmental photoreceptor that affects numerous and diverse physiological and biochemical processes in higher plants. Phytochrome can have an important role in seed germination, suppression of stem elongation, flowering, and senescence. A number of cellular and biochemical processes have been reported to be regulated by phytochrome action, including rapid changes in membrane permeability (9, 15) , changes in calcium ion levels (22) , and changes in the activity of many enzymes (reviewed in refs. 13 and 25). One major biochemical change that can be affected by phytochrome action is the level of specific RNAs. Phytochrome might regulate specific mRNA levels by acting either on transcription or on posttranscriptional processes. Phytochrome action has been shown to cause transcriptional increases in the cab genes and in genes for the small subunit of ribulose 1,5-bisphosphate carboxylase (reviewed in refs. 7 and 36) and phosphoenolpyruvate carboxylase (29) . Phytochrome action also can cause an increase in mRNA levels of chalcone synthase and ferredoxin (reviewed in ref. 36 ), glutamine synthetase (23, 30) , nitrate reductase (18) , and thionins (19) . Negative regulation of gene expression by phytochrome has been demonstrated for several phytochrome genes and for an NADPH-protochlorophyllide oxidoreductase gene (4, 34, reviewed in 36), and for an asparagine synthetase gene (7) . Recently, negative regulation of f-tubulin mRNA by white light or red light has also been demonstrated (1, 3) .
To understand how phytochrome causes changes in transcription in higher plants, it is important to examine not only genes that are transcriptionally activated but also genes that show reduced transcription in response to the action of phytochrome. Therefore, we have isolated three distinct genes from Lemna gibba that are negatively regulated by phytochrome and have characterized the transcriptional responses of these genes to red and far-red light.
MATERIALS AND METHODS

Growth and Harvest of Plants
Lemna gibba L. G-3 was grown on liquid E medium (31) in continuous W or under an IR regimen consisting of 2 min R every 8 h as previously described (31 Figure 1 shows time courses of accumulation of NPR1, NPR2, and NPR3 mRNAs from plants grown either in W (Fig. lA) or in IR (Fig. 1B) Figure lA were quantitated for Figure 2A . In IR-grown plants given 10 min FR prior to darkness, detectable increases in the levels of NPR1 and NPR2 were observed within 6 h darkness, and within 12 h darkness for NPR3 (Fig. 1B) . A maximum level of NPR2 mRNA was reached between 2 and 6 h in the dark. The transient decrease in mRNA levels at 2 h darkness, also seen in a second experiment, could not be explained by unequal amounts of total RNA in the gels used for the blots. (Fig. 2) . After 1 d (24 h) in darkness, the level of NPR1 mRNA reached a maximum in W-grown and in IR-grown plants given 10 min FR ( Fig. 2A, B) . In contrast to NPR1, the levels of NPR2 and NPR3 mRNA in W-grown Lemna increased between 2 d and 5 d of dark treatment. In IR-grown plants with or without FR, however, both mRNAs appeared to have reached a steady-state level by 2 d in the dark (Fig. 2B, C) (Fig. 2B, C) . FR treatment resulted in a similar change in the accumulation of NPR2 mRNA. Although FR did not appear to alter the time required for NPR3 mRNA to reach steady-state levels in IR-grown plants, it increased the relative amount of the message that accumulated after 1 d in darkness.
The temporal changes in mRNA levels of each of the genes during the dark treatment were found to be consistent in subsequent Northern analyses. The relative RNA levels were determined directly from densitometry scan data and cor- Transcriptional Regulation of NPR Genes To determine if the increases in NPR mRNAs observed during dark treatment were due to changes in transcription, in vitro nuclear run-on transcription assays were performed. Relative levels of transcription of each of the NPR genes in nuclei isolated from IR-grown Lemna during a dark treatment are shown in Figure 3A -C. For all three NPR genes, increases in the amounts of radiolabeled transcripts hybridizing to cloned genomic sequences occurred between 6 and 12 h of darkness.
Genomic clones were used for hybrid selection of the transcripts because they are longer than the corresponding cDNA clones, and thus more extensive hybridization of the labeled transcripts could be obtained. Cab transcription was measured to observe the effects of the light treatments on a gene positively regulated by phytochrome, and LglO6 was used as a standard for light-and phytochrome-independent transcriptional regulation. Expression of the cab gene family was monitored with a genomic DNA clone (AB30R). The level of transcription of the cab genes increased 2 h after a final R treatment followed immediately by FR (Fig. 3D) . (Fig. 3D) (Table I) . For this experiment, IR-grown plants were given 10 min FR, placed in darkness for 4 d, given 2 min of R, then returned to the dark for 2 h. Run-on transcription assays of all three nuclei preparations were performed simultaneously. The average deviation for the NPR gene transcripts ranged from about 7 to 12%, and from 11 to 16% for the LgJO6 and AB30R transcripts.
R-Induced Reduction of NPR Transcription
The levels of NPR transcription obtained after a 4 d dark treatment could be reduced by a single 2 min R treatment for each of the genes (Fig. 4A-C) . The reduction of transcription could be observed within 2 h after the R treatment, and after 4 h, the levels of transcription were about 50% of the darktreated plants receiving no R. As expected for cab, a transient increase in transcription was observed in nuclei from IRgrown plants 2 to 4 h after the R treatment (Fig. 4D) .
Regulation of NPR Transcription by Phytochrome
To determine whether phytochrome was involved in the transcriptional regulation of the NPR genes, the effect on transcription of either a single R treatment or single R followed by FR was examined. The R-induced decrease in transcription was reversible by FR given immediately after the R for all three of the NPR genes (Fig. 5A-C reversal of the R-induced reduction in transcription. Thus, phytochrome is involved in the regulation of NPR gene transcription. The R-induced transcriptional increase of the cab genes was reversed by FR (Fig. 5D ).
Sizes of NPR Gene Families
Southern blot analysis was used to estimate the sizes of the NPR gene families. The results shown in Figure 6 suggest that NPR 1 genomic clone containing the coding region of NPR3 and approximately 1.8 kilobases each of 3' and 5' flanking sequences. The two HindIII fragments that hybridize to the NPR3 cDNA in the genomic Southern blot might represent two portions of a single gene, but considering that two hybridizing genomic DNA fragments also result from BamHI digestion, it is likely that there are at least two separate NPR3 genes in Lemna. This is substantiated by the presence of a number of restriction sites in the NPR3 cDNA that are not present in one of the NPR3 genomic clones.
DISCUSSION
We have isolated three distinct cDNA clones from Lemna gibba that represent mRNAs that are more abundant in darktreated than in light-grown plants. We have also demonstrated that transcription of the corresponding genes, NPR1, NPR2, and NPR3, is negatively regulated by the action of phytochrome. After a dark treatment that resulted in increased transcription ofthese genes, a single R treatment was sufficient to reduce their transcription in IR-grown plants. FR given immediately after the R restored the levels of transcription to near those observed in dark-treated plants.
In W-grown Lemna, transcriptional increases for NPR1 and NPR2 were detectable as early as 6 h in darkness (32) , but in IR-grown plants, increases in transcription were reproducibly observed after longer (12 h) periods in the dark. The reason for the difference in rapidity of the transcriptional increases is not understood at this time. However, it might be attributable to basic differences in the general transcriptional capability of etiolated plants as compared with mature, fully green plants, to the ability of each kind of plant to respond at the transcriptional level to changes in light (day/night), to the amount or species of the phytochrome in each kind of plant, and/or to differences in the molecular pathway of phytochrome action on the transcription of the NPR genes.
Despite apparent differences in the timing of the transcriptional increase ofthe NPR genes in W-and IR-grown Lemna, both kinds of plants exhibited an enhancement of transcription in response to FR given at the onset of darkness. In experiments reported previously, 10 min FR given to Wgrown plants enhanced the transcription of all of the NPR genes (32) . Likewise, in IR-grown plants given 10 min FR prior to dark treatment, marked increases in the levels of NPR gene transcription were observed after 12 h darkness. Because such a treatment returns phytochrome predominantly to the Pr form and presumably allows a more rapid release of the NPR genes from negative regulation by phytochrome action, we infer that phytochrome is involved in regulating the expression ofthese genes in green plants as well as in etiolated plants. The time in darkness required for an observable effect of FR suggests that either the factor(s) involved in the negative regulation of the NPR genes is fairly stable or that the synthesis or accumulation offactors involved in the activation of NPR transcription occurs slowly.
FR treatment also resulted in accelerated accumulation of NPR mRNA. Whether Pfr exerts an inhibitory role mainly at the transcriptional level or whether there is also a posttranscriptional component in the regulation of the NPR mRNAs has not yet been determined.
The amount of transcription measured for NPR3 was consistently lower than for NPR1 and NPR2. Increases in NPR1 and NPR2 transcription were detectable within 2 to 6 h of dark treatment, whereas an increase in NPR3 transcription was not detectable for at least 6 h of darkness. It is possible that NPR3 transcription was increasing concomitantly with that of the other two genes, but due to low amounts of NPR3 transcripts, early changes in transcription could not be visualized.
The 2 to 4 h duration over which changes in NPR gene transcription were observed in etiolated Lemna in response to R contrasts with the more rapid R-induced transcriptional changes observed within 15 (6a, 26, 33) . Hours aftwe R so I
